The design of a remanufacturing system that recovers sold products is needed to meet environmental objectives. However, to establish closed-loop supply chains for sustainability, it is necessary to consider not only environmental factors but also economic efficiency. By selling remanufactured products with prices lower than new products, market sizes may be expanded and firms may accrue higher profits. However, a cannibalization effect in which consumers who would have purchased new products instead purchase remanufactured products at lower prices can occur. The purpose of this study is to design a manufacturing-remanufacturing system to propose an optimal production planning and inventory control policy in consideration of the cannibalization effect. First, a time series model for the demand is constructed. Next, the economic efficiency and environmental impact of the system are evaluated by simulation experiments.
INTRODUCTION
Remanufacturing systems that recover sold products and use resources more effectively are increasingly needed because of contemporary environmental problems and public awareness and concern about these problems [1] . Designing a remanufacturing system can facilitate the sustainable development of companies. For example, one Japanese electronics company recovers used printers for a fee and reduces the quantity of new resources used in production by reusing and recycling parts from recovered printers [2] . When considering recovery costs and processing costs, it is necessary to consider not only environmental impacts but also economic efficiency to build a closed-loop system that reuses parts and recycles resources [3] . When remanufacturing printers, there are two methods: a new printer is produced by reusing and recycling parts, or a remanufactured printer is produced by replacing degraded or outdated parts. Even though the former involves reusing parts, the printer is sold as a newly manufactured product; in contrast, the latter is sold as a remanufactured printer at a lower price than the newly manufactured printer. When the prices of remanufactured products differ from those of newly manufactured products, a cannibalization effect occurs in which the demand for newly manufactured products decreases because consumers who would have originally purchased the newly manufactured products instead purchase remanufactured products at lower prices. Souza [4] argued that pricing of newly manufactured products and remanufactured products is critical because of the cannibalization effect and a market expansion effect. Therefore, in a manufacturing-remanufacturing system that sells recovered products as remanufactured products, it is necessary to consider the prices of remanufactured products and the cannibalization effect. Nanasawa and Kainuma [5] showed that a hybrid manufacturingremanufacturing system is more profitable. They controlled remanufactured product demand via the remanufactured critical ratio. Zhou et al. [6] developed a model that addresses the issue of pricing the latest generation remanufactured products and old generation new products. They consider a new product with a short lifecycle which leads to limited availability of used products. In these literature, remanufactured product demand defines independently of the price of remanufactured products. However, when considering the cannibalization effect caused by the introduction of remanufactured products, the demand for newly manufactured products and remanufactured products depending on the prices of remanufactured products is needed. The purpose of this study is to design a manufacturingremanufacturing system to propose a production planning and inventory control policy in consideration of the quantity of reusable products affected by past demand and the cannibalization effect. First, demands for newly manufactured products and remanufactured products depending on the prices of remanufactured products are formulated. Next, the economic efficiency and environmental impact of the system are evaluated by simulation experiments.
2 LITERATURE REVIEW Nanasawa and Kainuma [5] investigated the cannibalization effect in a manufacturing-remanufacturing system. They illuminated the profitability of the system by considering a two-stage scenario in which only new products are sold in the first stage and both new and remanufactured products are sold in the second stage. Moreover, the Bass model is used to express a product life cycle curve, and the influence of the introduction timing of remanufactured products, and the prices of remanufactured products in the life cycle of new products are investigated. Ovchinnikov [7] analyzed the pricing strategy for a firm considering putting remanufactured products on the market together with new products. He estimated the number of consumers who switch from purchasing a new product to purchasing a remanufactured product at a lower price and showed that it is an inverted U-shape. He noted that this implies that by charging lower prices for remanufactured products, a firm may decrease consumer switching and hence minimize cannibalization of new products while simultaneously attracting more low-
